Introduction
The Floridan aquifer system (FAS) consists of the Upper Floridan aquifer (UFA), an intervening confining unit of highly variable properties, and the Lower Floridan aquifer (LFA). The UFA and LFA are primarily composed of Paleocene-to Oligocene-age carbonate rocks that include, locally, Upper Cretaceous rocks (Miller, 1986; Krause and Randolph, 1989) . The FAS extends from coastal areas in southeastern South Carolina and continues southward and westward across the coastal plain of Georgia and Alabama, and underlies all of Florida. The thickness of the FAS varies from less than 100 feet (ft) in aquifer outcrop areas of South Carolina to about 1,700 ft near the city of Brunswick, Georgia (Williams and Kuniansky, 2015) .
Locally, in southeastern Georgia and the Brunswick-Glynn County area, the UFA consists of an upper water-bearing zone (UWBZ) and a lower water-bearing zone (LWBZ), as identified by Wait and Gregg (1973) , with aquifer test data indicating the upper zone has higher productivity than the lower zone. Near the city of Brunswick, the LFA is composed of two permeable zones: an early middle Eocene-age upper permeable zone (UPZ) and a highly permeable lower zone of limestone (LPZ) of Paleocene and Late Cretaceous age that includes a deeply buried, cavernous, saline water-bearing unit known as the Fernandina permeable zone (Krause and Randolph, 1989 ). Maslia and Prowell (1990) inferred the presence of major northeast-southwest trending faults through the downtown Brunswick area based on structural analysis of geophysical data, northeastward elongation of the potentiometric surface of the UFA, and breaches in the local confining unit that influence the area of chloride contamination. Pronounced horizontal and vertical hydraulic head gradients, caused by pumping in the UFA, allow saline water from the FPZ to migrate upward into the UFA through this system of faults and conduits.
Saltwater was first detected in the FAS in wells completed in the UFA near the southern part of the city of Brunswick in late 1957 (Wait, 1965) . By the 1970s, a plume of groundwater with high chloride concentrations had migrated northward toward two major industrial pumping centers, and since 1965, chloride concentrations have steadily increased in the northern part of the city ( fig. 1 ). In 1978, data obtained from a 2,720-ft-deep test well (33H188; fig. 2 ) drilled south of the city showed water with a chloride concentration of 33,000 milligrams per liter (mg/L), suggesting the saltwater source was located below the UFA in the Fernandina permeable zone (FPZ) of the LFA (Jones and others, 2002) .
All U.S. Geological Survey (USGS) data collected for this study, including groundwater levels in wells and water-chemistry data, are available in the USGS National Water Information System (U.S. Geological Survey, 2016). Fernandina Beach Jacksonville
Figure 2. Generalized hydrogeologic cross section F-F' and groundwater-flow directions (modified from Williams and Kuniansky, 2015) . 
Groundwater Levels, Groundwater Pumping, and Flow in the Floridan Aquifer System
Prior to development of the UFA in the late 1800s, groundwater levels in the Brunswick area were estimated to be as high as 55 ft above land surface [65 ft above the North American Vertical Datum of 1988 (NAVD 88)] and groundwater flow was in an easterly direction toward the coast (Johnston and others, 1980) . Since that time, the UFA has become a major source of water supply for industrial and municipal use along coastal Georgia, including Glynn County and the city of Brunswick. In Glynn County, large withdrawals began in the early 1940s, mostly by industry, and increased by 11.6 million gallons per day (Mgal/d) fig. 3 ) for public supply (Krause and Randolph, 1989; Jones, 2001) .
A steady increase in pumping since predevelopment caused groundwater-level declines in the UFA ranging from 20 ft in southernmost Glynn County to as much as 80 ft near pumping centers in northern Brunswick. This increase altered the natural groundwater-flow direction from eastward toward the coast to north and northeast toward the center of pumping in Brunswick (Jones, 2001 Bureau, 2015) .
Water levels in the UWBZ of the UFA (well 34H328; fig. 3 ) are primarily influenced by changes in pumping. The early part of the record from 1939 to 1948 indicates that water levels were about 40 ft above NAVD 88. Over the following 30 years, as pumping increased, water levels declined by more than 30 ft, and a cone of depression formed near the industrial well fields in the northern part of Brunswick. This period was followed by a recovery in water levels in the early 1980s, when industrial groundwater users reduced pumping by 23.5 Mgal/d. Since the mid-1980s, water levels in well 34H328 have ranged between 8.5 and 14.3 ft above NAVD 88. During the peak of groundwater use in the early 1980s, the water levels in the UFA were near sea level (NAVD 88) in the northern part of the Brunswick area and about 15 ft below NAVD 88 near the industrial well fields (Johnston and others, 1980) . During October 2015, water levels from continuous recorders and synoptic water-level measurements were collected from 50 wells completed in the UWBZ of the UFA. The potentiometric surface map ( fig. 4 ) constructed using these water-level data indicates the general direction of groundwater flow is from the southwest in neighboring Camden and Brantley Counties towards the northeast across Glynn County and into McIntosh County. The water-level contours indicate that a portion of groundwater flow is captured and directed toward pumping centers in northern Brunswick. This captured flow is evident from the 15-and 10-ft contours that surround the pumping centers, indicating groundwater flow toward downtown Brunswick from the southwest, the southeast, and 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 Water level above NAVD 88, in feet the north. The map of downtown Brunswick (inset, fig. 4 ) shows the 10-ft contour covering the northwest part of the city near the Brunswick Cellulose well field, which is an indication of the continued presence of a cone of depression caused by pumping. However, when compared to previous contour maps, the October 2015 potentiometric contours near the Brunswick Cellulose well field indicate that water levels have increased since the peak of pumping during 1980.
Chloride Concentrations in the Upper Floridan Aquifer
The area of chloride contamination in the UWBZ of the UFA near the city of Brunswick during October 2015 was mapped using groundwater samples collected from 33 wells. The chloride concentration in an approximate 2-square-mile area near the city of Brunswick was greater than the 250-mg/L State and Federal secondary maximum contaminant level (SMCL) (Georgia Environmental Protection Division, 1997; U.S. Environmental Protection Agency, 2000) and exceeded 2,250 mg/L in part of the area ( fig. 1 ). The extent of chloride concentrations shown on the October 2014 and 2015 maps is similar to the extent shown on the map published for 2000 (Hamrick and Cherry, 2015) , with areas of highest chloride concentration found in the northern part of the city, as well as near the Bay Street source area in the southern part of the city ( fig. 1 ). The potentiometric surface map ( fig. 4) Due to increasing chloride levels in well 34H134, modifications were made to the well to reduce water inflow from the deeper part of the aquifer. The bottom of the well, between the depths of 942 ft and 724 ft, was sealed with concrete grout, thereby eliminating water production from a 218-ft zone that yields higher chloride water. Subsequently, a water sample collected by the USGS in October 2015 from the modified well 34H560 showed a decrease of 26 mg/L in the chloride concentration ( fig. 5A) fig. 5B ). This increase in chloride suggests either a lateral movement of chloride in the UWBZ from the plume or the continued upward migration of chloride from lower depths. In late 2009, well 34H134/34H560 was equipped to monitor daily changes in specific conductance. Specific conductance is a surrogate for chloride concentration and is used to monitor the potential movement of saltwater into the freshwater zones of the UFA (Cherry and others, 2011) .
Decreases in the chloride concentration in several wells open to the UPZ in the LFA suggest reduced upward flow from the LFA into the UWBZ and LWBZ of the UFA. The groundwater sample collected in October 2015 at well 34H391, which taps the UPZ of the LFA, had a chloride concentration of 2,430 mg/L, indicating a decrease of 540 mg/L when compared with the sample taken in October 2014. Results from water samples collected from LFA well 34H399, which is open to a slightly deeper interval of the UPZ than well 34H391, indicated a chloride concentration of 5,530 mg/L during October 2015 and a decrease of 130 mg/L over a 1-year period. Well 33H188, which is open to the deeper FPZ of the LFA, had a chloride concentration of 11,500 mg/L during July 2013. Results from a discrete groundwater sample collected from well 34H495 (location shown in fig. 2 ), at a depth of 2,720 ft (lower portion of FPZ) during August 2000, had a chloride concentration of 26,000 mg/L, which is higher than the 19,000-mg/L chloride concentration of modern seawater (Hem, 1989; Falls and others, 2005) .
A Additional groundwater samples were collected from seven production wells at Brunswick Cellulose to assess the vertical movement of chloride near the Brunswick Cellulose well field ( fig. 6 ). The seven active production wells tap different water-bearing zones of the UFA, with three wells open to the UWBZ of the UFA and four wells open to both the UWBZ and LWBZ of the UFA. The chloride concentrations in the three production wells open to the UWBZ of the UFA ranged from 18.5 to 75 mg/L and are located outside of the chloride plume area. The chloride concentrations in the four production wells open to the UWBZ and LWBZ of the UFA ranged from 176 to 1,000 mg/L. In three of these four production wells, chloride concentrations exceeded the SMCL of 250 mg/L, indicating a deterioration of water quality with depth and suggesting greater rates of lateral movement of chloride within the LWBZ.
Additional groundwater samples were collected from two production wells at the Pinova well field to assess the lateral movement of chloride in the UWBZ of the UFA near the well field. Numerous production wells at Pinova were originally constructed in the UWBZ and LWBZ, but open intervals tapping the LWBZ were plugged during the mid-1960s to improve water quality in the well field (Cherry and others, 2011) . Results from the samples collected during October 2015 indicate a sharp transition in chloride concentration from near background levels of 16.9 mg/L in well 34H450, which is located outside the chloride plume area, to 533 mg/L in well 34H413, which is located near the center of the facility ( fig. 6 ). These two wells are located approximately 1,360 ft apart. The USGS well-cluster site located south of the Pinova well field has a well open to the UWBZ and another well open to the LWBZ of the UFA. Chloride concentrations from samples collected during October 2015 show chloride levels above background (70 mg/L) in well 34H344, which is open to the UWBZ, and elevated chloride levels (1,180 mg/L) in well 34H334, which is open to the LWBZ of the UFA.
Water Chemistry of the Upper Floridan Aquifer
Water samples were collected and analyzed for major ions from seven production wells tapping the UWBZ of the UFA and from six production wells tapping both the UWBZ and LWBZ of the UFA. The results of the analyses indicate that groundwater chemistry changes with depth in the UFA and approaches the composition of modern seawater in the FPZ of the LFA. Previous analyses performed by Falls and others (2005) show the isotopic composition of groundwater in the FPZ of the LFA to be fossil seawater trapped in the formation. The groundwater chemistry of the chloride plume in the UFA near downtown Brunswick indicates it is a mixture of about 10 to 20 percent of FPZ fossil seawater and 80 to 90 percent freshwater from the UFA.
A trilinear plot was used to classify the water type of the UWBZ and the LWBZ of the UFA based on major cation and anion compositions (Piper, 1944) . The major ion compositions were plotted as a percentage of total milliequivalents per liter for the major cations and anions for 13 groundwater samples ( fig. 7) . The major ion compositions of groundwater from several depth intervals within the FPZ of the LFA and modern seawater are included to show potential sources (Hem, 1989; Falls and others, 2005) . The trilinear plot indicates groundwater from the UWBZ of the UFA is a mix of cations, with calcium (Ca The most noticeable change, with the introduction of groundwater from the LWBZ of the UFA, is the increase of the anion chloride and the cation sodium, which is a major component of trapped fossil seawater from the FPZ of the LFA. The trilinear plot indicates mixed groundwater from wells open to the UWBZ and LWBZ of the UFA is composed of 33 to 61 percent sodium and 39 to 67 percent calcium plus magnesium. The anion composition is dominated by sulfate plus chloride ranging from 71 to 95 percent and 5 to 29 percent bicarbonate. The trilinear plot shows groundwater transitions, along with increased depth, from a calcium-magnesiumchloride-sulfate type to a chloride type. The groundwater chemistry of two samples collected from deep well 34H495 and a sample from modern seawater were used as endmembers or potential sources. The composition of modern seawater is 78 percent sodium, 22 percent calcium plus magnesium, and 99 percent sulfate plus chloride, with chloride and sulfate concentrations of 19,000 and 2,700 mg/L, respectively (Hem, 1989) . Sprinkle (1989) attributed the major sources of dissolved constituents (common ions) in the FAS to the dissolution of calcite (CaCO 3 ), dolomite (CaMg(CO 3 ) 2 ), and gypsum (CaSO 4 •2H 2 O) and the solubility of calcite (HCO 3 -). Chloride and sodium increase where freshwater and saltwater mix. Figure 7 . Major cation and anion compositions of water samples from the upper and lower water-bearing zones of the Upper Floridan aquifer, the Fernandina permeable zone of the Lower Floridan aquifer, and modern seawater sample (Hem, 1989; Falls and others, 2005) . Figure 7 . Major cation and anion compositions of water samples from the upper and lower water-bearing zones of the Upper Floridan aquifer, the Fernandina permeable zone of the Lower Floridan aquifer, and modern seawater sample (Hem, 1989; Falls and others, 2005) .
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